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Abstract
In this work a density dependent quark model is revisited, its thermodynamic consistency checked and the stability window for
absolutely stable quark matter obtained. The hypotheses of both pure quark matter with equal quark chemical potentials and stellar
matter subject to chemical stability and charge neutrality are investigated. The parameters that appear in the density dependent
mass and satisfy the Bodmer-Witten conjecture are then used to compute the masses and radii of strange stars. We show that the
obtained values are compatible with the recently observed massive stars.
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1. Introduction
The solution of quantum chromodynamics (QCD) would
give us the key to the understanding of all the physics which
depends on the strong nuclear interaction. Unfortunately, this
solution is not in sight for the immediate future, what makes the
use of relativistic models an important ingredient for the time
being.
To describe the hadronic phase present in the QCD phase
diagram, many relativistic mean field models (RMF) are avail-
able in the literature. A few years ago, 263 of these models
were analysed in [1] and less than forty of them were shown to
satisfy nuclear bulk properties completely. Among these mod-
els, some of the most successful ones are density dependent
hadronic models, whose density dependence is introduced on
the meson-baryon couplings as in [2, 3]. In a RMF approach, a
rearrangement term is necessary to account for this dependence
when equations of motion and the equation of state (EOS) are
calculated so that the thermodynamic consistency is achieved
[4]. Another type of dependence is found in a model proposed
in 1991 by Brown and Rho (BR) [5], in which an in-medium
scaling law for the masses and coupling constants for effective
chiral Lagrangians was proposed. Within the BR model, both
meson masses and couplings are density dependent and a rear-
rangement term that takes this feature into account is also nec-
essary for the model to satisfy thermodynamic consistency, as
shown in [6].
As far as the quark phase is concerned, the most commonly
used model is the MIT bag model [7], whose name is an
acronym for Massachusetts Institute of Technology, where it
was conceived. It is a very simple model, where the quarks
are described by the Fermi gas EOS and confined through a
bag constant, which is introduced to support the gas pressure.
Other reference quark model is the Nambu-Jona-Lasinio model
[8], more robust and capable of describing the chiral symmetry
breaking, a property present in QCD. As in hadronic models,
quark models that exhibit density dependence, as the QMDD
models [9, 10] can also be found in the literature. Although the
original proposition was revisited many times [11, 12], these
models lack thermodynamic consistency, as shown in [13, 14].
All terrestrial experiments show that hadrons are the ground
state of the strong interaction, but Bodmer and Witten proposed
that under specific circumstances, as the ones existing in the
core of neutron stars, strange quark matter (SQM) may be the
real ground state [15, 16]. To test his hypothesis, a stability
window is generally searched with the parameters of the mod-
els and defined in such a way that a two- flavor quark matter
(2QM) must be unstable (i.e., its energy per baryon has to be
larger than 930 MeV, which is the iron binding energy) and
SQM (three-flavor quark matter) must be stable, i.e., its energy
per baryon must be lower than 930 MeV. Taking this conjec-
ture into account, the quark models just cited were tested and
the corresponding stability windows found as a function of their
free parameters in [13] (among many others in the literature).
The Nambu-Jona-Lasinio (NJL) model, which does not have
any free parameters, cannot be used in the description of abso-
lutely stable SQM as shown in [14, 17]. Hence, if one believes
that a quark star is possible, from the quark models just dis-
cussed, only the MIT bag model can be used to describe it. It is
important however to stress that the NJL model can still be used
in the description of the quark core inside hybrid stars [18, 19].
In the last decade, very massive neutron stars were con-
firmed with masses around 2 M, namely J1614-2230 [20] and
J0348+0432 [21] and possibly reaching 2.84 M (J0740+6620)
[22]. If one observes Fig.5 in [13], it is seen that these massive
stars cannot be attained with the MIT bag model.
These considerations made us look for another model that
could, at the same time, satisfy thermodynamic consistency
and the Bodmer-Witten conjecture and check if massive stars
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could be obtained. The model that satisfies both conditions is
the density dependent mass quark model developed in [12] and
improved in [23]. In the present work we show that this model
does not suffer from the problems present in the QMDD model
and can successfully be used to describe massive quark stars.
It is worth stressing that a recent model-independent analy-
sis based on the sound velocity in hadronic and quark matter
demonstrated that the existence of quark cores inside massive
stars should be considered the standard pattern and not an ex-
otic alternative [24]. This investigation points to the necessity
of a reliable quark matter description.
The paper is organized as follows: in section 2, we summa-
rize the model used to describe SQM, along with the equilib-
rium conditions necessary to apply the EOS to the study of pure
quark matter and stellar matter, necessary to describe compact
stars. In section 3, we show the stability conditions for SQM re-
garding the Bodmer-Witten hypothesis [15, 16], together with
our results for the stability windows of both pure quark matter
and stellar matter. We then apply the stable parameters to the
compact star picture, presenting the maximum masses obtained
from the model and thus comparing the values obtained with
observational data [20–22]. In section 4, the conclusions are
drawn, comparing our results with previous works. In the Ap-
pendix A, a way of solving the equilibrium equations with low
computational cost is presented.
2. Formalism at zero temperature
In this section, we present the equations derived in Ref.
[23] to describe SQM at zero temperature. In the following
model, the masses of the three lightest quarks scale with the
baryon number density, mimicking the strong interaction be-
tween quarks. We start by considering SQM as a system com-
posed of up (u), down (d) and strange (s) quarks, with the
masses given by:
mi = mi0 + mI ≡ mi0 + D
n1/3b
+ Cn1/3b , (1)
where mi0 (i = u, d, s) is the current mass of the i quark and mI
is the density dependent quantity that includes the quark inter-
action effects introduced through the adjustable parameters C
and D. The baryonic density nb is given by
nb =
1
3
∑
i
ni, (2)
where we sum the three quarks densities. At zero temperature,
the EOS is obtained once we define the energy density,
ε = Ω0 −
∑
i
µ∗i
∂Ω0
∂µ∗i
, (3)
and the pressure,
P = −Ω0 +
∑
i, j
∂Ω0
∂m j
ni
∂m j
∂ni
, (4)
where µ∗i is the i quark effective chemical potential and Ω0
refers to the free unpaired particle contribution given by [12]:
Ω0 = −
∑
i
gi
24pi2
[
µ∗i νi
(
ν2i −
3
2
m2i
)
+
3
2
m4i ln
µ∗i + νi
mi
]
, (5)
with gi being the degeneracy factor 6 (3 (color) x 2 (spin)) and
νi the fermi momentum of quark i, which reads:
νi =
√
µ∗2i − m2i , (6)
and,
ni =
gi
6pi2
(µ∗2i − m2i )3/2 =
giν3i
6pi2
. (7)
The relation between the chemical potentials and their effec-
tive counterparts is:
µi = µ
∗
i +
1
3
∂mI
∂nb
∂Ω0
∂mI
≡ µ∗i − µI , (8)
and the pressure can be rewritten in a more convenient way:
P = −Ω0 + nb ∂mI
∂nb
∂Ω0
∂mI
. (9)
Given the basic formalism, we proceed to investigate its ap-
plications.
2.1. Pure quark matter
Although in the literature SQM is usually analysed in the
presence of electrons, necessary to ensure chemical equilib-
rium, this condition is not suitable to the description of stable
nuclear matter. Therefore, we choose to apply the formalism
to the situation of symmetric matter, when quarks have equal
chemical potentials
µu = µd = µs. (10)
Since Eq. (8) expresses that the real and effective chemical
potentials differ only by µI , that is the same for every quark fla-
vor, Eq. (10) can be rewritten in terms of the effective chemical
potentials:
µ∗u = µ
∗
d = µ
∗
s. (11)
One should bear in mind that this definition of symmetric
matter is not the same as the usually considered in nuclear mat-
ter, where the protons and neutrons have equal densities and
equal chemical potentials since their bare masses are consid-
ered the same. In the case we analyse here, quarks u and d
have similar masses and in the literature they are sometimes
considered to be the same, but the strange quark is much more
massive. Hence, in this case, the densities of the three quarks
are not the same.
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2.2. Stellar matter
When describing compact stars, we consider SQM to be
composed of up (u), down (d), strange (s) quarks and elec-
trons (e). Due to the presence of leptons, weak interactions
take place, such as
d, s↔ u + e + ν¯e. (12)
During the cooling process, the compact star loses a lot of
its initial energy by emitting neutrinos, which is known as the
Urca process. Restricting our study to cold compact stars, af-
ter neutrinos have left the system, the chemical potentials must
satisfy β-equilibrium conditions:
µu + µe = µd = µs. (13)
Similarly as done for pure quark matter, Eq. (13) can also be
written in terms of the effective chemical potentials:
µ∗u + µe = µ
∗
d = µ
∗
s. (14)
We can see that the effective and true chemicals potentials
of electrons are the same between Eqs. (13) and (14), this is
because the electrons do not participate in strong interactions,
so their corresponding mass is constant.
Compact stars are also considered electrically neutral ob-
jects. Accordingly, the charge neutrality condition reads:
2
3
nu − 13nd −
1
3
ns − ne = 0. (15)
In regards to the EOS, the electrons contribution to the energy
density and pressure are considered to be the same as the ones
of free fermions.
In the present formalism, the particle number densities ni in
Eq. (15) and Eq. (2) are connected by Eq. (6) to the effective
chemical potentials µ∗i , and those are connected with the real
chemical potentials µi by Eq. (8). Therefore, Eqs. (2), (13),
(15), are four equations about the four chemical potentials.
Consequently, to find each ni (i = u, d, s, e) at a given baryon
number density nb, it’s necessary to solve a nonlinear system
with four equations and four unknown variables. It’s possible
to rewrite this formalism to solve only a nonlinear equation, as
shown in Appendix A.
3. Results and discussion
Since QCD is not completely solved yet, it cannot be used to
verify the stability of strange matter. Hence, we rely on effec-
tive models to describe SQM, evaluating the stability according
to the Bodmer-Witten hypothesis [15, 16]. From now on, the
model above is used to study strange matter, investigating the
possibility of stability of SQM against nuclear matter, and after
that, we apply the formalism to the description of strange stars.
In order to achieve our goals, the first step is to assume a sta-
bility criterion and determine under which parameters strange
matter is stable. Therefore, for a large set of C and D parame-
ters, we evaluate the minimum energy per baryon ( EA ) and clas-
sify it into different categories: If it is lower than 930 MeV(
ε
nB
=
E
A
)
stable SQM
≤ 930 MeV, (16)
that is equivalent to the binding energy of 56Fe, strange matter is
considered to be stable. If it is higher than 930 MeV, but lower
than 939 MeV
930 MeV <
(
ε
nB
=
E
A
)
metastable SQM
≤ 939 MeV, (17)
that is equivalent to the mass of nucleons, it is considered to be
metastable. If it is higher than 939 MeV, SQM is considered to
be unstable (
ε
nB
=
E
A
)
unstable SQM
> 939 MeV. (18)
Simultaneously, the two parameters of the model should be
consistent with the fact that two-flavor quark matter (2QM)
must be unstable(
ε
nB
=
E
A
)
unstable 2QM
> 930 MeV, (19)
since matter containing deconfined u and d quarks is found nei-
ther in nature nor in terrestrial experiments.
In face of the model presented, the stability conditions of
pure quark matter and stellar matter, and the stability defini-
tions, the energy per baryon is calculated numerically for both
strange quark matter and two-flavor quark matter, and then both
their minima are evaluated according to the criteria established
above. In what follows, we always consider mu0 = 5 MeV,
md0 = 10 MeV, but the strange quark mass can vary.
The stability window for pure quark matter is shown in Figs.
1 and 2, considering ms0 = 100 MeV and 80 MeV respectively.
The lower region is forbidden, corresponding to the sets of pa-
rameters on which 2-flavor QM would be stable. SQM is abso-
lutely stable within the yellow and metastable within the blue
region. By comparing both results, it is noticeable that Fig. 2,
with a smaller value of ms0, exhibits a wider range of the pa-
rameters that fit stability criteria.
For stellar matter, the stability window is presented in Figs.
3 and 4, also considering ms0 = 100 MeV and 80 MeV, re-
spectively. Again, the lower region is forbidden, corresponding
to the sets of parameters on which 2-flavor QM would be sta-
ble. SQM is absolutely stable within the purple and metastable
within the green region. Once more, the stability window ob-
tained is bigger for smaller values of ms0. When comparing the
results obtained for stellar matter with the ones from pure quark
matter, it is noticeable that the the majority of C and D values
that satisfy eq. (16) for pure quark matter also satisfy it for the
case of stellar matter, with a smaller part satisfying eq. (17) for
the latter case.
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Figure 1: (Color online) The stability window for pure quark matter, consider-
ing ms0 = 100 MeV.
Figure 2: (Color online) The stability window for pure quark matter, consider-
ing ms0 = 80 MeV.
By analyzing eq. (1), one can notice that for negative values
of C, the quark masses could become negative at high densi-
ties. A negative mass has no physical meaning, resulting in a
regime where the model is not valid. Considering it is of inter-
est to apply the model to the study of compact stars, which are
objects with very high densities, it is useful to separate the area
on which the quark masses become negative at low densities.
For this purpose, the region on which mu0 becomes negative
on densities lower than 1.5 fm−3 (around ten times the nuclear
saturation density) is detached from the other results shown in
Figs. 3 and 4.
Besides the C and D parameters, the quark current masses
also have an impact on the EOS. Therefore, it is of interest to
map how the stability window changes with the values of the
current masses, in particular with ms0. In order to do that, we
set C = 0 and numerically calculate the energy per baryon for
stellar matter within a wide range of ms0 and D, which is shown
in Fig. 5. It can be seen that smaller values of ms0 result in a
wider stability range, which is also observed for other values of
Figure 3: (Color online) The stability window for stellar matter with ms0 = 100
MeV.
Figure 4: (Color online) The stability window for stellar matter with ms0 = 80
MeV.
C.
After we obtain the stability windows, it becomes possible
to use the stable C and D parameters in order to investigate the
EOS more deeply. In Figs. 6 and 7, we plot the EOS obtained
while maintaining fixed, respectively, the C and D parameters.
All the chosen sets of parameters are within the stable region of
Fig. 3, corresponding to stellar matter with ms0 = 100 MeV. It is
observed that the stiffness of the EOS increases with decreasing
values of C and D. In addition to that, one can notice that the D
parameter has a considerable effect in the zero pressure point,
and the parameter C has little influence in this aspect.
A major advantage of the model is its thermodynamic con-
sistency. In order to check if the model satisfies thermodynamic
consistency, the energy per baryon as a function of the baryon
number density is shown in Figs. 8 and 9 for the same sets of
parameters used in the previous Figures. One can explicitly see
that the binding energy is lower than 930 MeV, satisfying eq.
(16), and that the zero pressure point occurs at exactly the den-
sity of the minimum energy per baryon, which is the criterion
4
Figure 5: (Color online) The stability window for stellar matter. We fix the C
parameter as zero in order to observe how the stability window changes with
ms0.
for thermodynamic consistency, as explained in the Appendix
of Ref. [23] and extensively discussed in [14]. Again, we can
see the influence of the parameters: as D increases, the energy
per baryon decreases and the minimum energy takes place at
lower densities; with decreasing values of C, the minimum en-
ergy decreases.
Figure 6: The stellar matter equation of state for four different D parameter
choices within the stability window, setting C = −0.49.
The model presented in the previous section is an attempt
of describing SQM in microscopic situations. Since our goal
is to study strange stars at hydrostatic equilibrium and produce
an EOS suitable to be used as the core of hybrid stars, we im-
pose the charge neutrality and β-equilibrium conditions, given
by eqs. (13) and (15), and apply them to a given EOS. Then,
we have to numerically solve the Tolman-Oppenheimer-Volkoff
equations (TOV) [25, 26]. The solution of the TOV equations
gives the main properties of compact stars, in particular, the
mass-radius relation for a family of strange stars at hydrostatic
equilibrium.
Figure 7: The stellar matter equation of state for five different C parameter
choices within the stability window, setting
√
D = 187.75 MeV.
Figure 8: The stellar matter energy per baryon as a function of the baryon num-
ber density for four different D parameter choices within the stability window,
setting C = −0.49.
For C and D parameters along the edges of the stable region
in Figs. 3 and 4, we obtain the radius of the canonical star, the
maximum star masses and their respective radii after integrating
the TOV equations. These results are presented, respectively, in
Tables 1 and 2.
We graphically show how the maximum masses and their
radii vary along the stability window respectively in Figs. 10
and 11. It is observed that the maximum masses increase with
decreasing values of the C and D parameters. However, the
lower values of C within the stability window are paired with
high values of D, which makes the higher stellar masses appear
in the region with higher values of C and lower D. It can be
seen in Tables 1 and 2, as well as in Figs. 10 and 11 that there
are multiple sets of parameters with very similar stellar masses,
but with very different radii. For the majority of the stability
window, we find stars with quite small radii, but with maxi-
mum masses that are much lower than 2M. It is also found
that lower values of ms0 result in higher maximum masses.
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Figure 9: The stellar matter energy per baryon as a function of the baryon num-
ber density for five different C parameter choices within the stability window,
setting
√
D = 187.75 MeV.
Another important discussion can be made upon the radii of
canonical stars, those with 1.4 M. A recent study [28], based
on the binary neutron-star merger GW170817, concludes that
the radius of such stars should be between 10.4 and 11.6 km,
with a 90% credibility interval. Such result heavily constrains
the EOS of dense matter.
The mass-radius diagram for some of the parameter sets is
shown in Fig. 12, where the maximum masses are marked
with full dots. The horizontal lines are the masses of the neu-
tron stars J1614-2230 [20] and J0348+0432 [21], and the wide
shaded region covers from the upper to the lower limit of the
mass of J0740+6620 [22] at a 95.4% credibility interval, all
confirmed in the last decade. The set of parameters that gives
the highest maximum stellar mass is C = 0.965 and
√
D = 121
MeV, paired with ms0 = 80 MeV, that gives a maximum mass
of 2.37 M with a radius of 15.17 km. However, for this set of
parameters, the radius of the canonical star (R1.4) is 15.53 km,
much higher than the upper limit suggested by [28]. The sets of
parameters that satisfy the constraint of R1.4 presented in [28]
could not describe stellar masses as high as the ones given by
[20–22]. From the parameters with R1.4 lower than 11.9 km,
the highest maximum masses are close to 1.8 M, with one of
the best set of parameters being C = 0.305,
√
D = 142.75 MeV,
that gives a maximum mass of 1.83 M with R1.4 of 11.57 km.
4. Final remarks
In the present work, we applied the thermodynamically con-
sistent density dependent quark mass model developed in [23]
to the study of pure quark matter, where electrons are absent
and the quarks chemical potentials are equal. Similarly to the
results presented in [13], we found that the stability window for
this case is fairly similar to the one of stellar matter, with charge
neutrality and β-equilibrium, with the stable region being larger
for the latter case.
The stability window found for stellar matter is very similar
to the one shown in [23]. In disagreement with the exposed
C
√
D (MeV) Mmax (M) R (km) R1.4 (km)
-0.850 205.75 1.52 8.03 8.14
-0.400 178.75 1.53 8.51 8.81
0.005 157.00 1.63 9.57 10.11
-0.340 169.75 1.63 9.07 9.51
-0.715 188.50 1.66 8.74 8.98
0.080 151.75 1.70 10.02 10.63
0.560 133.75 1.98 12.46 13.07
Table 1: The radius of the 1.4 M star (R1.4), along with the maximum mass
(Mmax) and the respective radius (R) for strange stars obtained by integrating
the TOV equations with the EOS using C and D parameters along the edges of
the stable region of Fig. 3, with ms0 = 100 MeV.
C
√
D (MeV) Mmax (M) R (km) R1.4 (km)
-0.880 209.50 1.52 8.01 8.11
-0.700 187.00 1.72 8.94 9.18
-0.505 177.25 1.69 9.03 9.39
-0.505 187.00 1.51 8.31 8.53
-0.250 172.75 1.54 8.68 9.06
-0.190 163.00 1.68 9.42 9.90
0.170 148.00 1.76 10.45 11.00
0.230 148.00 1.73 10.35 10.92
0.965 121.00 2.37 15.17 15.53
Table 2: The radius of the 1.4 M star (R1.4), along with the maximum mass
(Mmax) and the respective radius (R) for strange stars obtained by integrating
the TOV equations with the EOS using C and D parameters along the edges of
the stable region of Fig. 4, with ms0 = 80 MeV.
6
Figure 10: (Color online) Maximum stellar masses obtained within the entire
stability window, considering ms0 = 80 MeV. The black dots correspond to the
sets of parameters explicitly shown in Table 2.
Figure 11: (Color online) Radius ofthe star with maximum stellar mass ob-
tained within the entire stability window, considering ms0 = 80 MeV. The black
dots correspond to the sets of parameters explicitly shown in Table 2.
Figure 12: (Color online) Mass-radius relation for different strange stars.
in [23] is the observation that decreasing values of C imply in
stiffer equations of state and, therefore, larger maximum stel-
lar masses, which is counterbalanced with the fact that smaller
values of C are only present within the stability window when
paired with higher values of D.
Regarding the application of the model to the study of strange
stars, we notice that the thermodynamically consistent model is
capable of describing compact objects more massive than the
ones obtained from the MIT Bag Model, but less massive than
the ones obtained from the density dependent model that lacks
thermodynamic consistency [13]. However, the model is ca-
pable of describing compact stars with small radii as well as
stars with maximum masses up to 2.37 M. It is also observed
that the same set of parameters cannot simultaneously satisfy
both stellar masses as high as [20–22] and R1.4 as low as the
one suggested by [28]. The equations of state that produce stars
with high maximum masses are coupled with R1.4 higher than
11.9 km, and the parameters that satisfy this constraint do not
produce masses as high as 2 M.
The inclusion of temperature in the density dependent mass
quark model discussed in the present work is in progress, so
that it can be applied to the description of protoquark stars and
also to the investigation of the QCD phase transition as done in
[27].
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Appendix A Solving the equilibrium conditions equations
with a very low computational cost
In order to obtain numerical values for the energy density
and pressure, one should first determine the densities (ni) and
chemical potentials (µi) of the particles involved, i being u, d
and s for pure quark matter or u, d, s and e for stellar matter. To
determine those quantities, the equilibrium conditions should
be taken into account, leading into solving a nonlinear equa-
tion system. However, when calculating the equation of state
multiple times, as when evaluating the EOS for multiple sets of
parameters in order to build the stability window of the model,
this process can be very time consuming. Nevertheless, it is
possible to rewrite the stability conditions, leading into solv-
ing only one nonlinear equation, which gives the calculations a
lower computational cost, as we expose hereafter for the case
of stellar matter.
A.1 2-Flavor quark matter
To obtain the stability window of the model, it is also neces-
sary to evaluate the 2-flavor quark matter case, so that points on
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which 2QM would be stable can be excluded from the stability
window. In order to do so, one needs to obtain the particles den-
sities and chemical potentials from the equilibrium equations,
as we expose below. We start by rewriting the β-equilibrium
condition in the absence of strange quarks
µ∗u + µe = µ
∗
d,
as well as the charge neutrality condition
2
3
nu − 13nd − ne = 0.
The relation between the quark effective chemical potentials
and densities is the same as before
µ∗i =
√(
6pi2ni
gi
)2/3
+ m2i ,
where i = u, d and the degeneracy factor gi corresponds to 6 (3
(color) x 2 (spin)). For the electrons, the relation is the same,
but regarding the real chemical potential
µe =
√(
6pi2ne
ge
)2/3
+ m2e ,
with the degeneracy factor ge being equivalent to 2 (spin).
Lastly, the baryon number conservation reads
1
3
(nu + nd) = nb. (20)
Rewriting the baryon number conservation in order to isolate
nu and replacing the expression into eq. (20), we obtain
ne = 2nb − nd. (21)
We then rewrite the β-equilibrium condition in terms of the
particles densities√(
pi2nu
)2/3
+ m2u +
√(
3pi2ne
)2/3
+ me =
√(
pi2nd
)2/3
+ m2d,
then, it is possible to isolate ne and rewrite nu = 3nb − nd from
eq. (20), resulting in
ne =
1
3pi2
{[√(
pi2nd
)2/3
+ m2d−√[
pi2 (3nb − nd)]2/3 + m2u]2 − m2e
 . (22)
With eqs. (21) and (22), we obtain a nonlinear equation of
nd(nb,mu,md,me) that can be solved numerically in order to
find nd. All the other particles densities can then be obtained
from the equilibrium conditions, leading to a faster way of
obtaining the EOS numerically.
A.2 Strange quark matter
The equilibrium conditions applied to the description of the
stellar strange quark matter are the same as the ones discussed
in Section 2. We start by recalling the relation between the
particle densities and chemical potentials:
ni =
gi
6pi2
(
µ∗2i − m2i
)3/2
,
ne =
ge
6pi2
(
µ2e − m2e
)3/2
.
Rewriting the right side of the β-equilibrium condition, given
by eq. (14), we have
µ∗d = µ
∗
s.
One can now substitute the chemical potentials, using the re-
lation between µ∗i and ni, and then isolate nd, obtaining
nd =
(6pi2gs ns
)2/3
+ m2s − m2d
3/2 ( gd6pi2
)
. (23)
The baryon number conservation, given by eq. (2), can be
written as
nu = 3nb − nd − ns.
Replacing nd by the expression in eq. (23) yields
nu = 3nb −
(6pi2nsgs
)2/3
+ m2s − m2d
3/2 ( gd6pi2
)
− ns. (24)
By considering the charge neutrality condition
2
3
nu − 13nd −
1
3
ns = ne,
one can then use eq. (24) to isolate ne
ne = 2nb −
(6pi2gs ns
)2/3
+ m2s − m2d
3/2 ( gd6pi2
)
− ns. (25)
Lastly, recalling the left side from the β-equilibrium condi-
tion in eq. (14)
µ∗u + µe = µ
∗
s,
one can rewrite the relation above in terms of the particles den-
sities, which follows
√(
6pi2nu
gu
)2/3
+ m2u−
√(
6pi2ns
gs
)2/3
+ m2s = −
√(
6pi2ne
ge
)2/3
+ m2e .
For simplicity, we define
ai =
6pi2
gi
.
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Finally, isolating ne, one must find

a2/3u (3nb − 1ad [(asns)2/3 + m2s − m2d]3/2 − ns
)2/3
+ m2u
1/2 −
[
(asns)2/3 + m2s
]1/2}2 − m2e}3/2 1ae = ne. (26)
With eqs. (25) and (26), we have ns(nb,mu,md,ms,me).
Therefore, at a given baryon number density, since all the quark
masses depend only on the density and the free parameters C
and D, it is only necessary solve a nonlinear equation instead
of a nonlinear system in order to find ns. To obtain the other
particle densities, eqs. (23), (24), (25) can be solved using the
value obtained for ns.
The execution time for the numerical calculation of the EOS
that uses this method is twice as fast as the nonlinear system.
Therefore, the method we propose results in a less expensive
computational cost while calculating the EOS multiple times.
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